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Based on the orthotropic elastic theory of rock masses, the X-ray method was used to
measure the distribution of macro-residual strain energy density along a depth profile,
using core samples taken from 47 large-aperture deep boreholes in four regions of
Southwest China: the Longmenshan, Anninghe, Honghe, and Xianshuihe fault zones.
Then, the vertical gradients of the macro-residual strain energy density and the macro-
residual strain energy contained in high-energy cuboid block segments along each fault
zone were determined. The results demonstrate that the macro-residual strain energy
stored at shallow levels in the rock mass in these fault zones may be partly responsible for
generating many large earthquakes and may explain why the large earthquakes in this
region are typically shallow.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Eleven survey lines, totaling 96 measurement points, have
been laid out in the Qianxi region of China since the 1950s to
measure the three-dimensional paleotectonic residual
stresses and strains of epsilon-shaped structural zones using
the X-ray method. Based on the resulting data, the residual
strain energy stored in the structural zone has been calculated
andused to confirmtheexistenceof a structural surfaceand its
mechanical properties and to characterize the tectonic system.ismology Science Founda
ute of Seismology, China
ier on behalf of KeAi
ina Earthquake Administra
ss article under the CC BYDuring 1985e1995, 26 survey lines, totaling 223 measuring
points, were laid out to measure the horizontal distribution of
three-dimensional residual principal stresses and principal
strains, the horizontal and vertical maximum shear stress,
and the strain energy density in the Longmenshan, Anninghe,
Honghe, and Xianshuihe fault zones using X-ray methods.
These survey lines cover an area of 4.2  105 km2 [1]. The
relationship between the horizontal distribution and
seismogenesis and the role of the distribution in seismic
source mechanics have been studied previously, and the
results have been used to delineate paleoseismically activetion (85012, 850708, 863017, 88138, 91046), and Old Professor Sci-
Earthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hazard areas. Moreover, the 1995 Wuding Ms6.5, 1996 Lijiang
Ms7.0, and 2008 Wenchuan Ms8.0 earthquakes in these
regions have been identified through mid-range predictions
based on superimposition of the residual and present stress
field [2e4].
In the present study, the distribution of macro-residual
strain energy density with depth was measured based on
rock mass samples taken from 47 large-aperture deep bore-
holes in the four fault zones described above, using the X-ray
method to obtain the vertical gradient of the strain energy.
Then, the macro-residual strain energy stored in the rock
mass in high-energy hazard areas in these fault zones was
investigated.2. Measurement of vertical gradient of
macro-residual strain energy density in the rock
mass using X-ray methods
The strain energy measured from rock core samples is
assumed to be paleotectonic residual strain energy, because
the recent strain energy is assumed to have been released.
Similarly, as the rock mass stress involved in present-day
crustal mechanics corresponds to the macro-stress
commonly used in studies of solid mechanics, the residual
strain energy measured in the rock mass can be considered to
be the macro-residual strain energy.
The X-ray method is typically used to measure changes to
the crystal plane spacing for selected minerals in the rock
mass; such changes known as elastic deformation. However,
the residual strain value of the rock mass is reset to zero after
high-temperature annealing; accordingly, the absolute elastic
normal strain and the macro-residual principal stress and
principal strain can possibly be obtained only by utilizing
elastic theory equations. From the results, it should be
possible to obtain the macro-residual strain energy density of
the rock mass.
For use in such analysis, rock specimens must contain
quartz or calcite, both of which are axis-plane-anisotropic and
more stable than the rock mass itself in terms of their me-
chanical properties. Based on the orthotropic elastic theory of
the rock mass, the macro-residual strain energy density can
be obtained by applying axially symmetric elastic parameters
andmeasuring normal changes to the crystal plane spacing of
the (001) crystal plane.
The residual stress and strain should remain constant in the
plane parallel to a newly developed surface but should be
released to a certain depth in the plane perpendicular to such a
surface [1]. Therefore, measurement specimens should first be
cut horizontally, and two measurement samples should be
obtained to investigate both the horizontal and vertical
directions. After placing the samples on an X-ray goniometer,
the macro-residual principal stress (s1, s2) and principal strain
(e1, e2) of horizontal samples and the macro-residual principal
stress (s3) and principal strain (e3) of vertical samples can be
measured [1]. Then, by substituting the resulting data in
equation (1), the macro-residual strain energy density in the
rock mass (e), at the point of measurement can be obtained.e ¼ 1
2
ðs1e1 þ s2e2 þ s3e3Þ (1)
Each crystal grain measured within the sample can be
considered equivalent to a measurement point in the rock
mass. The mean macro-residual stress and strain, measured
for a large number of crystal grains on the surface of a
sample from a certain depth, can be obtained by irradiating
the surface of the sample with an X-ray beam. In this
manner, the mean macro-residual strain energy density
within the rock mass can be obtained and can be regarded
simply as the measured value at a particular point in the rock
mass.
The rock specimens selected from core must satisfy the
following conditions. (1) They must be fresh and unweath-
ered. (2) They must be sufficiently large to be cut into two
samples, each with diameter of 5 cm. (3) They must be com-
plete, without joints, cracks, or holes. (4) They must contain
abundant quartz or calcite. (5) The sizes of measured mineral
grains must range from 104 to 0.5 mm.
The X-ray method involves mineral crystallography,
crystal elastic mechanics, solid-rock physics, and X-ray
physics. This synthetic method makes good use of several
natural properties of minerals and the rock mass: the elastic
properties of changes in the spacing of mineral crystal
planes, the axiseplane anisotropy of the mechanical prop-
erties of the measured mineral, the overwriting of the rock
residual strain following high-temperature annealing, and
the X-ray diffraction properties of crystals. At a given mea-
surement point, the three-dimensional macro-residual prin-
cipal strain and stress can be simultaneously obtained
through multi-direction measurements of diffraction geom-
etry and the corresponding elastic theory. Then, the macro-
residual strain energy density in the rock mass can be
calculated based on elastic theory.
In the four regions studied in Southwest China (Figs. 1e5),
based on the orthotropic elastic theory of the rock mass, the
distribution of the macro-residual strain energy density with
depth was obtained using X-rays by measuring the (001)
crystal plane spacing of quartz or calcite. The (001) crystal
plane system of these minerals exhibits considerable inter-
planar spacing and is perpendicular to their hexasymmetric
axes in samples taken from different depths within rock cores
obtained via large-aperture deep boreholes.
In the study area along the Longmenshan fault zone, three
areas were delineated as sub-areas for measurement: the
GuanxianeChengdueQionglai, AnxianeMianzhueDeyang,
and GuangyuaneJiangyoueZitong areas, designated as sub-
areas 1, 2, and 3, respectively. For each sub-area, multi-
borehole measurements were conducted at different depths,
with 5, 8, and 8 boreholes in sub-areas 1, 2, and 3, respec-
tively; thus, a total of 21 boreholes in 3 sub-areas were
considered for the Longmenshan fault zone. In total, 9, 12,
and 5 boreholes were selected to represent the Anninghe,
Honghe,and Xianshuihe fault zones, respectively; their loca-
tions are illustrated in Fig. 1. In all cases, specimens were
considered to represent a measurement point at their depth
within the boreholes, thus allowing the distribution of the
macro-residual strain energy density with depth to be
determined.
Fig. 1 e Locations and numbers of sub-areas or boreholes
for measuring macro-residual strain energy in four
measurements regions in Southwest China (1
Longmenshan fault zone; 2 Xianshuihe fault zone; 3
Anninghe fault zone; 4 Honghe fault zone).
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energy density
Themacro-residual strain energy exhibited the same trend
in all four regions studied, increasing with depth according to
a broadly linear relationship (Figs. 6e9). Thus, the depthFig. 2 e Longmenshan fault region.distribution of themacro-residual strain energy density e in all
four regions can be expressed as follows:
e ¼ e0 þ bD (2)
where e0 is the regressed value of e at the surface, b is the
gradient (denoting the rate of variation of ewith depth), and D
denotes the depth of the measurement points. The results for
each borehole are shown in Table 1.
The average vertical gradients b of themacro-residual strain
energy densitywere different between the four study areas and
decreased in the following order: Honghe fault zone, Long-
menshan fault zone,Anninghe fault zone, andXianshuihe fault
zone. The maximum and minimum values of b attained were
17.6 J/m4 and0.95 J/m4, respectively, and themaximumvalueof
b (140 J/m4) was found within the Honghe fault zone.
The average vertical gradient of macro-residual strain en-
ergy density in the four study areas attained amaximumvalue
of 5.41 J/m4. This is the highest average value of the regional
vertical gradient that has been measured in China thus far.
The vertical principal stress of the present tectonic stress
field at the surface is assumed to be zero, but compressive
stresses rather than zero stress have been previously found in
the four study areas [1]. This suggests that after the residual
field formed, the upper rock mass was eroded and the
measured rock mass was then exposed at the surface owing
to uplift of the pluton during regional tectonic movement.
The measurement depth in the Longmenshan study area
reached up to 7.058 km and the average vertical gradient
of the macro-residual principal stress was found to be
0.4 MPa/km. As the rock mass at the surface must have been
eroded after the residual stress field formed, the average
vertical macro-residual principal stress at the present sur-
face was calculated to be 5.4 MPa rather than zero. This was
calculated based on the assumption that the present surfaceFig. 3 e Honghe fault region.
Fig. 5 e Xianshuihe fault region.
Fig. 4 e Anninghe fault region.
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the deepest rock mass measured in the present study at a
depth of 20.558 km (13.5 þ 7.058 ¼ 20.558) when the residual
field formed. As the vertical gradients of principal stress,
principal strain, and x linearly increase with depth above
7.058 km, the vertical gradient of the residual strain energy
density from the present surface to a depth of 20.588 km
should also be linear. This latter depth falls within the
5e30 km focal depth range for large earthquakes within the
study region.
The measurement depth in the Anninghe region reached
up to 0.902 km. The vertical gradient of the macro-residual
principal stress in the northern area was found to be
1.85 MPa/km, and the maximum vertical macro-residual
principal stress at the present surface was determined to be
9.4 MPa [1]. Based on the same method used for the
Longmenshan area, the present surface should have been at
a depth of 5.08 km and the deepest rock mass measured
here at a depth of 5.98 km when the residual field formed.
The measurement depth in the Honghe fault zone reached
up to 1.930 km. The vertical gradient of the macro-residual
principal stress was found to be 0.86 MPa/km, and themaximum vertical macro-residual principal stress at the
present surfacewas determined to be 20.8MPa in the northern
area. Thus, the present surface would have been at a depth of
24.19 km and the deepest rockmassmeasured here at a depth
of 26.12 km when the residual field formed. This latter depth
falls within the 20e37 km focal depth range for large earth-
quakes in this region.
The measurement depth in the Xianshuihe region reached
up to 0.580 km. The vertical gradient of the macro-residual
principal stress was found to be 0.67 MPa/km, with a
maximum macro-residual principal stress of 5.5 MPa at the
present surface in the southern area. Thus, the present sur-
face would have been at a depth of 8.21 km, and the deepest
rock mass measured here was at a depth of 8.79 km when the
residual field formed. This latter depth 8.79 km falls within the
focal depth range of 10e25 km for large earthquakes in this
region.4. Macro-residual energy contained in four
fault zones
The most important component of defining the macro-re-
sidual strain energy contained in fault zones, which can be
released during large earthquakes, is the delineation of rock
blocks within a given fault zone that contain high residual
strain energy. Then, the macro-residual strain energy con-
tained within the fault can be synthetically estimated based
on the strain energy within these high-energy blocks.
The Longmenshan fault zone, which has a width of 50 km
and 75 km to the south and north of Jiangyou, respectively,
dips to the northwest at an angle of 50e85 (average dip: 67.5).
The focal depth of major earthquakes along this fault zone is
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sidual strain energy contained in the rockmass along the fault
zone during major earthquakes, a measured block was
delineated with a width of 60 km and 85 km to the south and
north of Jiangyou, respectively, and a depth of 40 km; this
block reflects the monoclinal nature of this fault zone.
Based on the horizontal distribution of the macro-resid-
ual strain energy density at the surface, the measurement
block was divided into 5 sections: the Yangping-
guaneQingchuan, QingchuaneJiangyou, JiangyoueMaowen,
MaoweneGuanxian, and GuanxianeDengsheng sections.
Each section was centered around an area of high values
and bounded by abrupt boundaries on either side. Each of
the sections was 60e85 km wide and 40 km deep, although
section length varied between sections. The surficial
average value of e was obtained for each section based on
the energy density at the surface; then, the macro-residual
strain energy contained in each section was calculated
based on the vertical gradient b in the measured sub-area
closest to each section (Table 2).Fig. 6 e Distribution of macro-residual strain energy
densities with depth for each combined borehole core
series in three sub-areas in the Longmenshan fault zone,
measured using the X-ray method (samples picked by Gao
Goubao).The high-energy blocks of Xichang and Jinhe in the
Anninghe fault zone were determined as follows. The depth
of the measurement block in the fault zone was assumed to
be 20 km, based on the typical focal depths of major
earthquakes along this fault zone (10e30 km). The fault
zone dip in dual plane with the angle of 60e70, minimum to
60, with an average horizontal width of 8 km in the east-
ewest direction. The width of the measurement block was
considered to be the greatest horizontal width occupied by
the Anninghe fault zone from the surface to the focal depth,
i.e., (8 þ 2  20cot60) ¼ 31.1 km. Moreover, the length of the
measurement block was assumed to be centered around
high strain values and delineated by abrupt boundaries at
both sides of the horizontal distribution of strain energy.
Based on the horizontal distribution of the macro-residual
strain energy density, e, in this measurement region, the
average surface value, e, was obtained for each block based on
the vertical gradient b; the average value from borehole Nos. 4,
5, 6, and 7 (b ¼ 1.5 J/m4) was considered representative of the
Xichang block, whereas the average value for borehole Nos. 1,
3, and 8 (b ¼ 1.1 J/m4) was considered to represent of the Jinhe
block. In this manner, both the macro-residual strain energy
contained in each block and the total macro-residual strain
energy in the high-energy blocks could be determined
(Table 3).
The focal depths of major earthquakes along the Honghe
fault zone are typically in the 20e37 km range, with an
average of 30 km. The dip angle of the Honghe fault zone is in
the 45e90 range, and the maximum horizontal width
occupied by the fault zone from the surface to 30 km depth,
calculated in the same way as that for the Anninghe fault
zone, is 30 km. This corresponds to the width determined
based on geophysical measurements. Based on the distri-
bution of major earthquakes and the horizontal distribution
of high-energy-density areas at the surface, the major
seismic high-energy areas of the Honghe fault zone were
divided into three blocks: the Jianchuan, Eryuan, and
DalieNanjian blocks. The average value for borehole Nos. 3
and 9 (b¼ 10.45 J/m4) was assumed to be representative of the
Jianchuan and Eryuan block, whereas that for borehole Nos.
6 and 10 (b ¼ 2.61 J/m4) was assumed to be representative of
the DalieNanjian block. Themacro-residual strain energy for
these three blocks was obtained as described above for the
Anninghe blocks (Table 4).
The Xianshuihe fault zone dips to the southwest at an
angle of 60e75 in its eastern part and to the northeast at an
angle of 60e85 in its central to western part. The focal
depths of major earthquakes along this fault zone are
typically in the 10e25 km range. Both the horizontal width
(across the entire fault zone) and the depth of the mea-
surement block are 40 km. Based on the horizontal distri-
bution of the macro-residual strain energy density at the
surface, the fault zone was divided into five sections: the
GanzieLuhuo, LuhuoeDaofu, DaofueQianning, Qian-
ningeLuding, and LudingeHanyuan sections. The average
value obtained from borehole Nos. 1 and 2 (b ¼ 0.50 J/m4)
was assumed to represent the three blocks in the northern
part of the fault zone, whereas the average of borehole Nos.
3, 4, and 5 (b ¼ 1.25 J/m4) was assumed to represent the two
blocks in the southern part. The macro-residual strain
Fig. 7 e Distribution of macro-residual strain energy densities with depth for each borehole in the Anninghe fault zone,
measured using the X-ray method (samples picked by Gao Goubao).
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Fig. 8 e Distribution of macro-residual strain energy densities with depth for each borehole in the Honghe fault zone,
measured using the X-ray method (samples picked by Gao Goubao).
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Fig. 9 e Distribution of macro-residual strain energy densities with depth for each borehole in the Xianshuihe fault zone,
measured using the X-ray method (samples picked and measured by Gao Goubao).
Table 1 e Gradient of macro-residual strain energy
densities with depth for each boreholes in each
measurement region.
Region Core number
(sub-area)
Core
depth(m)
bðJ=m4Þ bðJ=m4Þ
Longmenshan
fault zone
1 5643 1.6 1.8
2 5061 1.9
3 7058 2.4
Anninghe
fault zone
1 732 1.5 1.3
2 900 1.3
3 823 0.8
4 810 1.3
5 720 1.3
6 690 2.2
7 685 1.1
8 689 0.9
9 902 1.2
Honghe fault
zone
1 350 140.00 17.6
2 972 12.35
3 395 21.52
4 1264 17.41
5 892 7.85
6 722 2.77
7 770 0.65
8 1931 1.29
9 800 0.63
10 818 2.44
11 439 4.56
12 750 2.67
Xianshuihe
fault zone
1 571 1.00 0.95
2 525 0.00
3 580 0.50
4 508 3.92
5 501 0.67
Table 2 eMacro-residual strain energy contained in each high-
zone.
Block Volume
(104km3)
Average of
e0(e0) (10
3 J/m3)
Macro-r
stor
YangpingguaneQingchuan 34.0 9.8
QingchuaneJiangyou 34.0 8.3
JiangyoueMaowen 21.6 12.2
MaoweneGuanxian 18.0 11.5
GuanxianeDengsheng 16.8 8.8
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strain energy in the fault zone were determined as
described above for the other fault zones (Table 5).
The macro-residual strain energy stored in the rock mass
should be released in combination with the present strain
energy during focal rupture of the rock mass, adding to the
energy released by the associated earthquake and increasing
the earthquake magnitude. The seismic wave energies
released by earthquakes of magnitude 7 and 8 are 2  1015 J
and 6.3  1016 J, respectively. Therefore, the results presented
here demonstrate that the macro-residual strain energy
stored in these four fault zones would be sufficient to provide
energy for many large earthquakes, without requiring addi-
tional energy from radiation or geothermal sources.5. Conclusions
(1) Previous studies investigating the source of seismic
energy have produced conflicting results. Particularly,
some results suggest that the mechanical energy pro-
vided by the Earth's mechanical field would be insuffi-
cient to provide the energy required by large
earthquakes; accordingly, previous studies have
focused primarily on the contribution of radiation or
geothermal energy. However, the present study has
demonstrated that the macro-residual strain energy
stored in the rock mass in fault zones should be suffi-
cient for the generation of many large earthquakes.energy cuboid block segment along the Longmenshan fault
esidual strain energy
ed in block (1019 J)
Macro-residual strain energy stored
along the fault zone (1019 J)
1.97 6.00
1.76
0.87
0.71
0.69
Table 5 e Macro-residual strain energy contained in each high-energy cuboid block segment along the Xianshuihe fault
zone.
Block Volume
(104km3)
Average of
e0(e0) (10
3 J/m3)
Macro-residual strain energy
stored in block (1018 J)
Macro-residual strain energy
stored in the blocks along
the fault zone (1018 J)
Ganzi -Luhuo 14.4 1400 1.44 13.28
Luhuo-Daofu 16.0 9000 1.60
Daofu-Qianning 14.4 1500 1.44
Qianning-Luding 19.2 10,000 4.80
Luding-Hanyuan 16.0 800 4.00
Table 3 e Macro-residual strain energy contained in each high-energy cuboid block segment along the Anninghe fault
zone.
Block Volume
(104km3)
Average of
e0(e0) (10
3 J/m3)
Block top surface
e/(103 J/m3)
Macro-residual strain energy
stored in block (1018 J）
Macro-residual strain energy
stored in high energy blocks
along the fault zone (1018 J)
Xichang 6.22 2.2 15 1.87 2.69
Jinhe 3.73 1.7 11 0.82
Table 4 eMacro-residual strain energy contained in each high-energy cuboid block segment along the Honghe fault zone.
Block Volume
(104kkm3)
Average of
e0(e0) (10
3 J/m3)
Macro-residual strain energy
stored in block (1018 J)
Macro-residual strain energy
stored in the blocks along the
Fault zone (1018 J)
Jianchuan 3.15 11.0 4.94 13.12
Eryuan 2.52 11.0 3.95
Dali-Nanjian 10.80 10.5 4.23
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density measured in these four regions of Southwest
China corresponds to the highest strain energies re-
ported for China thus far. This indicates that the rock
masses containing high residual energy are distributed
at shallow levels. Thismay help to explainwhy the large
earthquakes in this region are typically shallow.r e f e r e n c e s
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